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Here  we  sought  to  understand  how  host  biology  influences  the  composition  of  skin  microbes,  how  skin  microbes  influence  volatiles  on  the 
skin  and,  in  turn  how  skin  volatiles  and  microbe  composition  influence  the  attractiveness  of  the  skin  to  mosquitoes.  Our  specific  aims  were 
to  sample  humans  and  other  hosts  for  skin  microbes  and  volatiles.  We  then  sequenced  those  samples  to  identify  the  microbes  present.  Our 
next  steps  are  threefold.  We  consider  how  host  genes  influence  skin  microbes.  We  consider  how  microbe  composition  influences  metabolic 
attributes  of  microbial  communities  (including  their  attractiveness  to  mosquitoes).  Finally,  we  will  integrate  all  of  our  types  of  data  to  lin 
host  attributes  to  skin  microbe  composition,  skin  microbe  composition  to  volatiles,  and  volatiles  and  skin  microbe  composition  to 
attractiveness  to  mosquitoes.  In  doing  so,  a  key  focus  will  be  on  identifying  the  microbes  and/or  their  volatiles  that  are  most  attractive  to  or 
repulsive  to  mosquitoes. 
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Scientific  Progress 


Our  original  goals  were  fourfold... 


1- Sample  participants  for  skin  microbes.  We  sampled  the  original  number  of  participants  proposed  and  then,  in  addition,  were 
able  to  sample  two  additional  sets  of  participants,  one  group  at  the  NC  Museum  of  Natural  Sciences  and  one  group  associated 
with  the  Personal  Genome  Project.  In  addition,  we  complemented  these  samples  with  samples  of  non-human  primates  that  we 
thought  we  might  be  able  to  get  in  the  timeline  of  the  project,  but  were  not  sure. 

2- Sequence  skin  microbes.  The  first  set  of  skin  microbes  was  sequenced  quickly  (four  months  ago),  but  a  second  batch  was 
delayed  at  the  sequencing  facility  due  to  a  back-up  unrelated  to  our  project.  We  have  now  sequenced  both  batches  of  human 
sequences,  along  with  a  third  set  of  sequences  for  participants  for  whom  we  also  characterized  a  host  gene  (ABC1 1 )  we 
thought  likely  to  have  an  influence  on  microbial  composition  and  ultimately  attractiveness. 

On  the  basis  of  the  first  batches  of  sequences  we  have  been  able  to  write  two  papers.  First,  we  have  shown  that  the  skin 
microbes  of  the  humans  we  have  sampled  are  heavily  influenced  by  the  use  of  antiperspirant  and  deodorant,  the  use  of  which 
disfavors  Corynebacterium  (the  slow  growing  bacterial  taxon  common  in  armpits  and  other  places  with  apocrine  glands).  We 
are  also  able  to  show  that  the  bacteria  thought  to  be  medically  "normal,"  in  humans  are  instead  the  Staphylococcus  most 
favored  by  antiperspirant,  suggesting  that  the  commoness  of  these  Staphylococcus  is  a  modern  (and  potentially  problematic) 
phenomenon.  This  paper  is  in  revision. 

Second,  in  comparing  samples  from  humans  to  those  of  other  primates  we  have  shown  that  human  skin  microbes  are  most 
similar  to  those  of  other  apes  (which  collectively  differ  from  those  of  monkeys)  and  that  the  key  difference  between  humans  and 
other  apes  (other  than  a  higher  frequency  of  fecal  microbes  in  the  fur  of  apes)  is  the  predominance  of  Staphylococcus  on 
humans.  Work  done  by  other  groups  has  shown  both  that  Staphylococcus  volatiles  can  attract  mosquitoes  and  that 
Staphylococcus  lineages  are  disproportionately  associated  with  infections  and  other  skin  diseases. 

Third,  our  original  intent  was  to  focus  on  metabarcoding  approaches.  However,  we  have  been  able  to  partner  with  colleagues 
who,  with  their  own  funding,  are  in  the  process  of  sequencing  a  subset  of  our  samples  using  shotgun  sequencing  approaches. 
The  first  round  of  shotgun  sequencing  has  been  completed  such  that  we  can  now  link  microbe  composition  to  the  distribution  of 
functionally  important  genes  and,  in  turn,  volatiles. 

3. -Consider  links  between  skin  microbes  and  functional  assays  of  their  attractiveness. 

In  doing  this  work,  we  originally  intended  to  use  traditional  assays  of  attractiveness  that  have  been  used  in  the  literature. 
However,  as  we  considered  these  assays  in  more  detail  it  became  clear  that  they  have  a  major  problem.  In  nearly  all  studies  of 
mosquito  attraction  to  microbes  to  date  the  proportion  of  mosquitoes  that  respond  is  very,  very  small  (often  less  than  1%)  such 
that  while  a  particular  microbe  might  be  more  or  less  attractive  than  another,  the  differences  are  very  modest  and  most 
mosquitoes  in  the  sample  are  really  not  assayed.  It  took  longer,  but  we  have  pioneered  a  new  approach  in  which  we  can  assay 
a  much  larger  proportion  of  the  mosquitoes  in  a  sample.  The  new  approach  is  potentially  patentable  and  has  allowed  us  to 
begin  to  test  large  numbers  of  samples  for  attractiveness.  We  are  using  two  methods  to  do  this.  First,  we  are  testing  composite 
samples  of  many  species  of  microbes  from  individual  humans  (and  non-humans).  Second,  we  have  been  able  to  culture  a  large 
number  of  skin  microbe  taxa  and  are  using  these  taxa  will  be  able  to  assay  the  attractiveness  of  individual  taxa  in  isolation. 

Finally,  we  have  been  able  to  show  that  in  addition  to  the  influence  of  host  species  identity  (e.g.,  are  you  a  chimp  or  a  human) 
and  host  behavior  (do  you  use  antiperspirant)  that  a  single  gene  has  a  strong  influence  on  host  microbes  and  microbial 
volatiles.  We  are  now  finishing  analysis  to  understand  which  of  these  factors  has  the  largest  impact  on  host  attractiveness  to 
mosquitoes.  We  anticipate  that  these  results,  collectively,  will  result  in  three  additional  papers. 

The  strong  influence  of  a  single  human  gene  on  the  attractiveness  of  hosts  to  microbes  suggests  that  if  we  are  to  develop  a 
probiotic  that  deters  mosquitoes  that  its  value  will  depend  greatly  on  the  genome  of  the  person  that  uses  it.  Fortunately  it  is  easy 
to  detect  which  version  of  the  key  human  gene  a  person  has  based  on  their  earwax  type  (which  is  also  influenced  by  the  same 
key  gene). 

4-Our  last  step  has  been  to  link  the  attractiveness  of  individual  hosts,  their  microbe  composition  and  their  individual  microbe 
taxa  to  the  volatiles  that  serve  as  the  intermediaries  of  this  attractiveness.  In  this  step  too  we  have  partnered  with  David  Karig 
and  his  collaborators  so  as  to  make  this  step  comparable  to  the  work  on  volatiles  he  is  doing  with  a  separate  set  of  samples. 

We  have  now  compared  the  relative  influence  of  host  genes,  microbial  composition  and  volatiles  on  attractiveness  to 
mosquitoes.  So  far,  the  best  predictor  of  attractiveness  is  the  composition  of  microbes  and  host  genes.  However,  we  are 
considering  new  statistical  models  that  might  allow  additional  inference. 

In  short,  we  have  been  able  to  do  much  more  ambitious  work  than  we  anticipated.  The  armpit  ecosystem  has,  in  some  ways, 
proven  to  be  more  complex  than  anticipated.  However,  in  other  ways  its  influences  (host  genes  and  host  behavior)  have  proven 
more  simple. 


Technology  Transfer 

There  are  two  potential  technologies  associated  with  this  project.  One  is  a  new  method  of  assaying  mosquito  preference  which 
greatly  outperforms  existing  assays.  A  second  would  be  the  ability  to  culture  bacteria  that  are  deterrent  to  mosquitoes.  We  are 
moving  toward  the  latter,  but  we  are  still  in  early  stages. 


Our  original  goals  were  fourfold... 


1- Sample  participants  for  skin  microbes.  We  sampled  the  original  number  of  participants  proposed  and 
then,  in  addition,  were  able  to  sample  two  additional  sets  of  participants,  one  group  at  the  NC  Museum  of 
Natural  Sciences  and  one  group  associated  with  the  Personal  Genome  Project.  In  addition,  we 
complemented  these  samples  with  samples  of  non-human  primates  that  we  thought  we  might  be  able  to  get 
in  the  timeline  of  the  project,  but  were  not  sure. 

2- Sequence  skin  microbes.  The  first  set  of  skin  microbes  was  sequenced  quickly  (four  months  ago),  but  a 
second  batch  was  delayed  at  the  sequencing  facility  due  to  a  back-up  unrelated  to  our  project.  We  have  now 
sequenced  both  batches  of  human  sequences,  along  with  a  third  set  of  sequences  for  participants  for  whom 
we  also  characterized  a  host  gene  (ABC1 1)  we  thought  likely  to  have  an  influence  on  microbial 
composition  and  ultimately  attractiveness. 

On  the  basis  of  the  first  batches  of  sequences  we  have  been  able  to  write  two  papers.  First,  we  have  shown 
that  the  skin  microbes  of  the  humans  we  have  sampled  are  heavily  influenced  by  the  use  of  antiperspirant 
and  deodorant,  the  use  of  which  disfavors  Corynebacterium  (the  slow  growing  bacterial  taxon  common  in 
armpits  and  other  places  with  apocrine  glands).  We  are  also  able  to  show  that  the  bacteria  thought  to  be 
medically  "normal,"  in  humans  are  instead  the  Staphylococcus  most  favored  by  antiperspirant,  suggesting 
that  the  commoness  of  these  Staphylococcus  is  a  modern  (and  potentially  problematic)  phenomenon.  This 
paper  is  in  revision. 

Second,  in  comparing  samples  from  humans  to  those  of  other  primates  we  have  shown  that  human  skin 
microbes  are  most  similar  to  those  of  other  apes  (which  collectively  differ  from  those  of  monkeys)  and  that 
the  key  difference  between  humans  and  other  apes  (other  than  a  higher  frequency  of  fecal  microbes  in  the 
fur  of  apes)  is  the  predominance  of  Staphylococcus  on  humans.  Work  done  by  other  groups  has  shown  both 
that  Staphylococcus  volatiles  can  attract  mosquitoes  and  that  Staphylococcus  lineages  are 
disproportionately  associated  with  infections  and  other  skin  diseases. 

Third,  our  original  intent  was  to  focus  on  metabarcoding  approaches.  However,  we  have  been  able  to 
partner  with  colleagues  who,  with  their  own  funding,  are  in  the  process  of  sequencing  a  subset  of  our 
samples  using  shotgun  sequencing  approaches.  The  first  round  of  shotgun  sequencing  has  been  completed 
such  that  we  can  now  link  microbe  composition  to  the  distribution  of  functionally  important  genes  and,  in 
turn,  volatiles. 

3. -Consider  links  between  skin  microbes  and  functional  assays  of  their  attractiveness. 

In  doing  this  work,  we  originally  intended  to  use  traditional  assays  of  attractiveness  that  have  been  used  in 
the  literature.  However,  as  we  considered  these  assays  in  more  detail  it  became  clear  that  they  have  a  major 
problem.  In  nearly  all  studies  of  mosquito  attraction  to  microbes  to  date  the  proportion  of  mosquitoes  that 
respond  is  very,  very  small  (often  less  than  1%)  such  that  while  a  particular  microbe  might  be  more  or  less 
attractive  than  another,  the  differences  are  very  modest  and  most  mosquitoes  in  the  sample  are  really  not 
assayed.  It  took  longer,  but  we  have  pioneered  a  new  approach  in  which  we  can  assay  a  much  larger 
proportion  of  the  mosquitoes  in  a  sample.  The  new  approach  is  potentially  patentable  and  has  allowed  us  to 
begin  to  test  large  numbers  of  samples  for  attractiveness.  We  are  using  two  methods  to  do  this.  First,  we  are 
testing  composite  samples  of  many  species  of  microbes  from  individual  humans  (and  non-humans). 

Second,  we  have  been  able  to  culture  a  large  number  of  skin  microbe  taxa  and  are  using  these  taxa  will  be 
able  to  assay  the  attractiveness  of  individual  taxa  in  isolation. 

Finally,  we  have  been  able  to  show  that  in  addition  to  the  influence  of  host  species  identity  (e.g.,  are  you  a 
chimp  or  a  human)  and  host  behavior  (do  you  use  antiperspirant)  that  a  single  gene  has  a  strong  influence 
on  host  microbes  and  microbial  volatiles.  We  are  now  finishing  analysis  to  understand  which  of  these 
factors  has  the  largest  impact  on  host  attractiveness  to  mosquitoes.  We  anticipate  that  these  results, 
collectively,  will  result  in  three  additional  papers. 


The  strong  influence  of  a  single  human  gene  on  the  attractiveness  of  hosts  to  microbes  suggests  that  if  we 
are  to  develop  a  probiotic  that  deters  mosquitoes  that  its  value  will  depend  greatly  on  the  genome  of  the 
person  that  uses  it.  Fortunately  it  is  easy  to  detect  which  version  of  the  key  human  gene  a  person  has  based 
on  their  earwax  type  (which  is  also  influenced  by  the  same  key  gene). 

4-Our  last  step  has  been  to  link  the  attractiveness  of  individual  hosts,  their  microbe  composition  and  their 
individual  microbe  taxa  to  the  volatiles  that  serve  as  the  intermediaries  of  this  attractiveness.  In  this  step  too 
we  have  partnered  with  David  Karig  and  his  collaborators  so  as  to  make  this  step  comparable  to  the  work 
on  volatiles  he  is  doing  with  a  separate  set  of  samples.  We  have  now  compared  the  relative  influence  of 
host  genes,  microbial  composition  and  volatiles  on  attractiveness  to  mosquitoes.  So  far,  the  best  predictor 
of  attractiveness  is  the  composition  of  microbes  and  host  genes.  Flowever,  we  are  considering  new 
statistical  models  that  might  allow  additional  inference. 

In  short,  we  have  been  able  to  do  much  more  ambitious  work  than  we  anticipated.  The  armpit  ecosystem 
has,  in  some  ways,  proven  to  be  more  complex  than  anticipated.  However,  in  other  ways  its  influences 
(host  genes  and  host  behavior)  have  proven  more  simple. 


